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ABSTRACT
The temperature dependent dehydrogenation of naphthalene on Ni(111) has been investigated using vibrational sum-frequency generation
spectroscopy, X-ray photoelectron spectroscopy, scanning tunneling microscopy, and density functional theory with the aim of discerning
the reaction mechanism and the intermediates on the surface. At 110 K, multiple layers of naphthalene adsorb on Ni(111); the first layer is a
flat lying chemisorbed monolayer, whereas the next layer(s) consist of physisorbed naphthalene. The aromaticity of the carbon rings in the
first layer is reduced due to bonding to the surface Ni-atoms. Heating at 200 K causes desorption of the multilayers. At 360 K, the chemisorbed
naphthalene monolayer starts dehydrogenating and the geometry of the molecules changes as the dehydrogenated carbon atoms coordinate
to the nickel surface; thus, the molecule tilts with respect to the surface, recovering some of its original aromaticity. This effect peaks at 400 K
and coincides with hydrogen desorption. Increasing the temperature leads to further dehydrogenation and production of H2 gas, as well as
the formation of carbidic and graphitic surface carbon.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5098533
INTRODUCTION
In the process of biomass gasification for production of renew-
able energy, unwanted by-products, heavier hydrocarbons, and pol-
yaromatic hydrocarbons (PAHs), referred to as tars, prevent com-
plete utilization of the gas-product and up-scaling of the production
method.1–3 Therefore, an exploration of methods to reduce the neg-
ative effects of the tar by-product is required. Catalytic reforming
is regarded as a promising method for removal of tar by convert-
ing it into useful permanent gases such as CO and H2. Nickel-
based catalysts are commonly used in catalytic steam reforming
and are also considered to be a viable and economical option for
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biomass gasification.4,5 Although nickel is an effective catalyst for
hydrocarbon dehydrogenation, it also catalyzes graphite formation,
which leads to catalyst poisoning.6 Naphthalene is a major com-
ponent in most tar and has been used as a model molecule for
catalytic studies. It is also an intermediate in the decomposition of
other PAHs, which makes decomposition of naphthalene an impor-
tant basis for the understanding of the complete steam reforming
of tar.
In a previous structural investigation of naphthalene on
Ni(111),7 we have shown that naphthalene molecules adsorb flat
on smooth terraces, preferring a geometry of aromatic rings posi-
tioned over Ni-bridge sites. Temperature programmed desorption
(TPD) showed that desorption of H2 occurs in two steps, where
the second step coincides with the conversion of carbon atoms to a
graphenelike structure, causing rapid passivation of the catalyst.7 In
the present study, we aim to elucidate the mechanism of naphthalene
dehydrogenation and graphene formation on the Ni(111) surface by
investigating the surface species during the temperature dependent
dehydrogenation.
Adsorption and reaction studies of naphthalene on nickel are
not abundant in the literature, but the adsorption of naphthalene
on other metals such as Pt(111),8–14 Cu(111),15–18 Rh(111),14,19 and
Ag(111)20–23 has been investigated both experimentally and theoret-
ically. Dahlgren and Hemminger9 studied naphthalene on Pt(111)
using low-energy electron diffraction (LEED) and showed that at
room temperature the ordering of naphthalene molecules is ran-
domized, but that mild heating leads to an ordered (6 × 3) overlayer.
Santarossa et al.14 used density functional theory (DFT) calcula-
tions to show that a flat lying di-bridge-7 is the optimal adsorp-
tion configuration of naphthalene on Pt, Pd, and Rh. Similar find-
ings were recently reported by Kolsbjerg et al.24 for naphthalene on
Pt(111) and by Yazdi et al.7 for naphthalene on Ni(111) where the
di-bridge-7 is the most favored configuration. Additionally, DFT
calculations by Yazdi et al. show that the adsorption of naphthalene
is accompanied by a pronounced de-aromatization, similar to that
seen for benzene on Ni(100) and Cu(110).25
The dehydrogenation of naphthalene has been studied by both
Lin et al.19 and Dahlgren and Hemminger.8 Lin et al. used LEED,
Auger electron spectroscopy (AES), and TPD to show that naphtha-
lene on Rh(111) transforms from a (3
√
3 × 3√3)R30○ structure to
a (3 × 3) structure in the temperature range of 398–423 K and to a
disordered layer at 448 K. They found the first H2 desorption peak at
578 K. Dahlgren and Hemminger8 studied naphthalene on Pt(111)
using LEED, AES, and TPD and found that, at near saturation cov-
erage, naphthalene forms an ordered layer which is stable until the
onset of hydrogen desorption at 470 K. After the desorption process,
the Pt(111) surface is covered with carbon residue. In both cases,
the only desorption process observed is the desorption of molecu-
lar hydrogen accompanied by irreversible structural changes in the
naphthalene overlayer. This is consistent with the findings of Yazdi
et al.7 where scanning tunneling microscopy (STM) and TPD were
used to study naphthalene on Ni(111). H2 desorption coincides with
the disappearance of ordered naphthalene patches in the tempera-
ture range of 380–600 K with the first desorption peak at 450 K.
At temperatures above 580 K, carbon chain and network growth
is reported, and it is assumed that a graphenelike layer is formed.
Graphene growth from precursor PAHs on Ni(111) has been iden-
tified in several investigations,26–28 and growth mechanisms, either
via traditional nucleation26,29 or via a Ni-carbide intermediate,30–32
have been suggested.
Here, we present a combination of vibrational sum-frequency
generation spectroscopy (SFG), X-ray photoelectron spectroscopy
(XPS), and STM measurements and DFT calculations, in order to
understand the mechanism of adsorption and temperature driven
dehydrogenation of naphthalene on Ni(111) in Ultra-High Vac-
uum (UHV). We show that partial dehydrogenation of the naphtha-
lene molecules is accompanied by a change of the geometry of the
molecules as the dehydrogenated carbons coordinate more strongly
to the nickel surface atoms. As a result, the naphthalene molecules
tilt with respect to the surface and the carbon atoms on the other
side of the molecule move away from the surface retrieving some
sp2 characteristics and some of the aromaticity that was lost upon
adsorption. Further heating continues the dehydrogenation, leading
to the desorption of H2 and the formation of a mixture of carbidic
and graphitic surface carbon.
EXPERIMENTAL DETAILS
Pure naphthalene (99%) was purchased from Sigma-Aldrich
and dosed through a precision leak valve. Doses are given in L
(Langmuir), where 1 L = 1×10−6 Torr s. It takes about 3.5 L to
form a saturated monolayer at room temperature. Additional dos-
ing at room temperature does not increase the surface coverage. The
Ni(111) crystal was purchased from the Surface Preparation Labora-
tory (SPL) in the Netherlands and was polished and aligned to within
less than 0.1○ from the (111) plane.
Sum-frequency generation spectroscopy was performed in an
UHV chamber with a base pressure of 1×10−10 Torr. The system
is equipped with a quadrupole mass spectrometer (QMS), LEED
optics, and an ion gun used for sample cleaning. A thermocouple
was spot-welded on the Ni(111) sample for temperature monitoring.
The sample temperature was controlled through a combination of
liquid nitrogen cooling and resistive and/or electron bombardment
heating. The sample was cleaned through cycles of Ar+-sputtering
at room temperature and annealing up to 1100 K. The quality of
the surface was monitored using LEED. Naphthalene layers were
prepared by dosing 5 L of naphthalene at 110 K which results in a
saturated monolayer and at least one additional layer.
A commercial Ti:sapphire amplifier system which produces
800 nm pulses with a ≤50 fs pulse duration and a power of 3.7 W
at a repetition rate of 1 kHz was used for the SFG experiments. A
tunable optical parametric amplifier (TOPAS) and a noncollinear
difference frequency generator (n-DFG) were used to convert the
800 nm light to wavelengths in the mid-infrared (IR) region (tun-
able within 2.6–11 µm). For these experiments, the mid-IR was set
to around 3500 nm to cover the naphthalene C–H stretching region.
Part of the 800 nm light was spectrally narrowed to a bandwidth of
12 cm−1 using a pulse shaper and overlapped on the sample in space
and time with the mid-IR light. The two laser beams were sent into
the UHV chamber through an IR-transparent BaF2 window. After
interaction with the surface, the 800 nm light was filtered using a
750 nm short-pass edge filter so that only the generated SFG light
was sent into the spectrometer. An intensified charge-coupled device
(ICCD) camera was used to record the SFG spectra with a final
resolution of 14 cm−1. The SFG data were fit by assuming that the
second order susceptibility χ(2) can be written as
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χ(2) = χ(2)NR + χ(2)R = χ(2)NR +∑n Aneiφn(ω − ωn) + iΓn , (1)
where χ(2)NR is the nonresonant contribution as measured from a
clean surface and χ(2)R is the resonant contribution, with An, φn, ωn,
and Γn being the amplitude, phase, frequency, and half-width of the
resonance, respectively.33
X-ray photoelectron spectroscopy measurements were per-
formed at the LowDosePES34 end-station of the PM4 beamline at
the synchrotron Berlin electron storage ring society for synchrotron
radiation (BESSY) II at Helmholtz-Zentrum Berlin. The main anal-
ysis chamber had a base pressure of 1×10−10 Torr and is equipped
with a VG Scienta ARTOF-2 electron energy analyzer. The sam-
ple preparation was done in a separate chamber equipped with an
ion-gun, leak valves, and resistive heating up to 900 K. The XPS mea-
surements were performed at room temperature at 380 eV photon
energy.
Low temperature STM (Omicron) was performed at the Pho-
toemission and Atomic Resolution Laboratory (PEARL) at Swiss
Light Source (SLS), Switzerland. The sample was cleaned according
to the procedure described earlier. Sample quality and surface order
were checked with LEED. Naphthalene was dosed at room temper-
ature into the preparation chamber through a precision leak valve.
Since it was necessary not to saturate the surface in order to measure
the height difference between adsorbates and the surface, only 1 L of
naphthalene was dosed. After dosing, the sample was moved to the
STM chamber for imaging at 4 K, using etched gold tips. The tunnel
bias was applied to the sample.
COMPUTATIONAL DETAILS
The adsorption structure of naphthalene on Ni(111) was opti-
mized using the DFT PBE+D235 level of theory implemented in the
VASP code.36,37 The energy cutoff was 600 eV, and the IBZ sam-
pling was done at the Γ point because of the large size of the unit
cell. Tight convergence criteria (10–7 eV for the electronic structure
optimization and 10–5 eV/Å for ionic relaxation) were used. The
cell parameters of the bulk phase were calculated as a minimum of
the Birch-Murnaghan equation of state38 fitting. As a convergence
accelerator, Methfessel-Paxton39 smearing was used with the width
parameter σ = 0.1 eV. The bond orders (BO) were calculated via
the DDEC6 method.40,41 The surface model was a Ni(111) rhom-
bohedral slab of 19.93 × 19.93 × 21.10 Å3 unit cell size (8 × 8 × 4
Ni atoms with 2 bottom layers fixed during ionic relaxation). We
computed a spin-polarization of 0.64 bohr magneton for the Ni slab,
which is close to the literature value of 0.61.42 The vacuum layer was
15.14 Å thick. The entropic contributions to the free energy and the
SFG active modes were calculated using the classical harmonic vibra-
tional analysis. The energy barriers were calculated with the use of
the nudged elastic band (NEB) methodology (5 optimized images),
using the VTST package.43
RESULTS AND DISCUSSION
SFG measurements
Figure 1 shows the vibrational SFG spectra for naphthalene on
Ni(111) in the C–H stretching region. The bottom spectrum shows
FIG. 1. Normalized SFG spectra (red squares) and corresponding fits (black lines)
recorded for naphthalene adsorbed on Ni(111) dosed at 110, 270, and 480 K. Fits
place the resonances at 3057, 2985, and 3029 cm−1, respectively. The bottom
spectrum shows the nonresonant background (NRB) recorded for a clean Ni(111)
sample. The top spectrum shows the SFG spectrum for naphthalene dosed at 270
K and flashed to 480 K afterwards; the fit places the resonance at 3057 cm−1. All
spectra were recorded at 270 K except for the low-temperature spectrum which
was both dosed and recorded at 110 K.
the nonresonant background (NRB), recorded from a clean Ni(111)
surface before adsorption of naphthalene, and follows the spectral
profile of the broadband infrared pulse. The red squares represent
the measurement, and the black solid lines are fits to the data. Sum-
frequency generation spectroscopy is subject to stricter selection
rules than both Raman and infrared absorption spectroscopy. Essen-
tially, only vibrations that are both Raman and infrared active will be
active in SFG.44 Additionally, the metal surface selection rule states
that only vibrations with a dynamic dipole moment along the surface
normal will be active.45
A 5 L dose at 110 K results in a chemisorbed monolayer and
a physisorbed multilayer of naphthalene.7 In the spectrum recorded
after dosing at 110 K, one sharp resonance is observed at 3057 cm−1,
corresponding to multilayer naphthalene, in addition to the nonres-
onant background. The observed resonant frequency is in the middle
of the aromatic C–H stretching region and matches the frequen-
cies found by Jakob and Menzel46 and Lehwald et al.47 for multi-
layer benzene on Ru(001) and Ni(111), respectively. Dosing at 270 K
should result in a monolayer of naphthalene since this temperature
is above the desorption temperature of the naphthalene multilay-
ers.7 The SFG spectrum of this preparation shows a resonance at
2985 cm−1, which is on the low-frequency side of the multilayer
peak and on the edge of the aliphatic C–H stretching region. This
resonance can indeed be attributed to the chemisorbed monolayer
naphthalene in which we expect a loss of aromaticity and more sp3
characteristics, similar to adsorption of other unsaturated hydro-
carbons on metal surfaces.48,49 Thomas et al.49 observed similar sp3
C–H stretches at 2980 cm−1, attributed to dienyl moieties formed
by coordination of the carbon atoms to the metal, using vibra-
tional electron energy loss spectroscopy (HREELS) for benzene on
Pt(110).
Dosing at 270 K to form a monolayer of naphthalene and
subsequent flashing to 480 K to start dehydrogenation results in a
J. Chem. Phys. 150, 244704 (2019); doi: 10.1063/1.5098533 150, 244704-3
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spectrum with a resonance at 3057 cm−1, while dosing directly at
480 K gives a resonance at 3029 cm−1. The difference in vibrational
frequency between the spectra of the two preparation procedures is
attributed to the fact that, when dosing at 480 K, the naphthalene
is thermally activated while adsorbing and already dehydrogenat-
ing7,8,19 [see Fig. 2(c)]. This can affect the adsorption and coverage of
the molecules on the surface and thus the vibrational frequencies. In
order to gain further understanding of these species, we performed
temperature programmed SFG measurements.
Figure 2(a) shows a false color plot of a temperature depen-
dent SFG measurement of 10 L of naphthalene on Ni(111) dosed
at 110 K. Each horizontal line represents one recorded spectrum.
Fits of individual slices reveal the presence of two resonances, one
at 3057 cm−1 and one at 3003 cm−1. Figure 2(d) depicts four hori-
zontal slices taken from Fig. 2(a) at 150, 300, 450, and 600 K to bet-
ter illustrate the observed resonances. The resonance at 3057 cm−1
is the same as that found for dosing at 110 K; the second reso-
nance is shifted with respect to the frequency observed in the pre-
vious section (2985 cm−1) due to the lower dosing temperature used
for this experiment which results in a slightly different adsorbate
layer. The data were then fit as a function of temperature assum-
ing the presence of these two resonances and using the same fit-
ting parameters for each slice, only allowing the amplitude to vary
freely in the fits. The fitted amplitudes for both resonances are plot-
ted as a function of temperature in Fig. 2(b), showing the evolu-
tion of the two resonances. Figure 2(c) depicts a reproduction of
TPD results7 of the same system, recorded with a ramping rate of
50 K/min.
At temperatures below 200 K, we again observe a resonance at
3057 cm−1, originating from the aromatic C–H stretch vibrations
of the physisorbed multilayers of naphthalene. Around 200 K, this
resonance disappears as the multilayer desorbs, consistent with the
TPD measurements. The 3003 cm−1 resonance that appears origi-
nates from the flat monolayer naphthalene with increased sp3 char-
acteristics of the carbon atoms. This resonance grows at tempera-
tures above 200 K, as the vibrations of the monolayer are no longer
suppressed by the multilayers on top. Between 200 K and 360 K, the
3003 cm−1 feature loses some intensity but is still clearly present,
as can be seen in Figs. 2(a) and 2(b). Around 360 K, it decreases
more rapidly and simultaneously a new resonance appears, close
to the original multilayer peak at 3057 cm−1. Since 360 K is well
above the desorption temperature for physisorbed naphthalene, this
resonance must be due to a recovery of sp2 characteristics by the
monolayer species. This suggests that some carbon atoms lose con-
tact with the metal as the result of a geometrical change of the
adsorbed species upon partial dehydrogenation. This feature also
appears in the same temperature region as the onset of hydrogen
production detected by earlier TPD studies. This spectral behav-
ior can be expected if the molecule tilts with respect to the surface
so that the bond between the nickel surface and the raised carbon
atoms lengthens and decreases in strength allowing those carbon
atoms to regain some sp2 characteristics, i.e., the molecule goes
towards a standing geometry. The signal from this “tilted” molecule
at 3057 cm−1 peaks around 400 K [Fig. 2(b)] and disappears at 500 K;
the 3003 cm−1 feature lingers up to 480 K, after which the spectrum
resembles the nonresonant background. H2 desorption, however, is
known to continue up 650 K7, which implies that although the SFG
signal disappears, there are still Cx–Hy fragments on the surface that
continue to dehydrogenate. These fragments are invisible to SFG
which can be rationalized by the sensitivity of this technique for
parameters such as surface order, cross sections, and the direction
of dynamic dipoles.
Based on the temperature dependence of the tilted species
shown in Fig. 2(b), a rough estimate of the energy barrier for the for-
mation of this species can be made. For an effective first order Arrhe-
nius type reaction, the energy barrier would be 27 ± 2 kcal/mol,
based on the fact that the rising slope of the 3057 cm−1 feature is
centered around 380 K and assuming a typical pre-exponential of
1013±1 s−1.
XPS C 1s measurements
Figure 3 shows the C 1s XPS spectra of naphthalene on Ni(111)
dosed and recorded at room temperature after flashing to increas-
ingly high temperatures (300–900 K).
The data were fit using gaussians to obtain the position of the
two distinguishable features and the total peak area. The first spec-
trum, for 300 K, shows one broad feature at 284.6 eV, which covers
the contributions from the three distinct carbon atoms in the naph-
thalene molecule. Individual contributions from the different carbon
FIG. 2. (a) False color plot showing the
temperature dependence of SFG spec-
tra of naphthalene on Ni(111), recorded
with a heating rate of 3 K/min. Dark blue
regions indicate low intensities and white
regions indicate high intensities. (b) Tem-
perature dependence of the fitted ampli-
tudes for the resonances at 3057 cm−1
(black) and 3003 cm−1 (red). (c) TPD
of naphthalene on Ni(111) for naphtha-
lene desorption (128 amu/e) and hydro-
gen desorption (2 amu/e), at a heating
rate of 50 K/min. (d) Selected spectrum
slices from (a) at temperatures of 150,
300, 450, and 600 K.
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FIG. 3. Carbon 1s XPS spectra for 5 L of naphthalene on Ni(111) dosed at room
temperature and flashed to increasingly high temperatures. The recorded spec-
trum is depicted in red and the corresponding fit in blue. Two vertical red lines
indicate the fitted positions of the two main features. The spectrum at 379 K is
indicated in bold; its shape and position are distinguishably different from the
other spectra. The naphthalene C 1s at 300 K has a feature at 284.6 eV which
shows a substantial shift to higher binding energy after 700 K, reaching 285.1 eV
at 885 K. Around 465 K, a second feature appears at 283.6 eV. Both features have
completely disappeared after 900 K.
atoms could not be resolved. The width [full width at half maximum
(FWHM)] of this feature becomes narrower with increasing tem-
peratures from 1.1 eV at 300 K to 0.8 eV at 834 K. This is due to
a decrease in the broadening contribution of C–H vibrations50,51 as
C–H bonds are broken with increasing temperature.
The spectrum after heating to 379 K is indicated in bold. Its
shape and peak position are distinguishably different from the spec-
tra for lower and higher temperatures. This is consistent with the
SFG spectra, where we also observe large changes around this tem-
perature. The spectrum exhibits a shift to slightly lower binding
energy, implying an increase in the sp2 characteristics of the carbon
atoms,52 which would support our interpretation of the SFG mea-
surements. Unfortunately, the temperature resolution of the XPS
data does not allow for any further conclusions with regard to the
geometry of the molecule as dehydrogenation progresses.
At 465 K, a second distinguishable feature appears at 283.6 eV,
indicating the formation of carbidic carbon,53,54 recently identified
as a precursor for graphene growth by Rameshan et al.31 The main
peak, which at 300 K is positioned at 284.6 eV, shifts to higher bind-
ing energy with increasing temperature and shows a substantial shift
above 700 K towards 285.1 eV. This can be attributed to the forma-
tion of disordered graphitic carbon.52,53 All features are gone above
900 K, likely due to migration of the carbon atoms into the bulk of
the crystal, as was seen for carbon thin films at similar temperatures
by Wiltner and Linsmeier.53
STM height distribution measurements
Scanning tunneling microscopy was used to measure the
molecular height distribution after room temperature dosing 1 L
of naphthalene on a clean Ni(111) surface both at room tempera-
ture and heated to 360 K, which is the onset of dehydrogenation.
After preparation, the sample was transferred to the STM cham-
ber and cooled down to 4 K before imaging. The procedure was
to prepare the surface, image with the STM, then move the sam-
ple for heating, and move back to the STM for imaging of the
second preparation. There is no guarantee that the same surface
area is imaged; however, the surface was imaged at several spots
for each preparation and the images presented are representative
of the surface. Figures 4(a) and 4(b) show images of the surface
after preparation at room temperature and after heating to 360 K,
respectively. The naphthalene molecules have elongated features in
Fig. 4(a), a shape consistent with the flat adsorption geometry that
is suggested for naphthalene on Ni(111).7 After heating to 360 K, a
more irregular surface with larger variations in height is observed.
The dark areas in both images can tentatively be assigned to atomic
hydrogen binding to the Ni(111) surface.7 Although the images
are recorded for the same preparation, the coverage is different:
200 molecules/625 nm2 in Fig. 4(a) and 300 molecules/625 nm2 in
Fig. 4(b).
Figure 4(c) shows a height histogram of both images obtained
by marking and eliminating the background. The blue curve displays
the height distribution of the naphthalene molecules after room tem-
perature adsorption. The distribution has a width (FWHM) of 0.2 Å
and peaks at 0.4 Å above the nickel surface. This implies that at room
temperature practically all molecules lie flat on the surface, in agree-
ment with previous findings.7 The red curve in Fig. 4(c) shows the
height distribution after heating to 360 K, which is just at the onset
of dehydrogenation. The distribution is broader (FWHM 0.3 Å)
with the center shifted to 0.6 Å. This means that, at the onset of
FIG. 4. (a) STM image of naphthalene molecules dosed at room temperature on
Ni(111) captured at 4 K (25× 25 nm,−0.5 V, 30 pA), (b) STM image of naphthalene
molecules dosed at room temperature and annealed to 360 K, imaged at 4 K (25× 25 nm, −0.5 V, 30 pA), and (c) normalized height histogram of the STM images
shown in red (a) and black (b).
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dehydrogenation, the naphthalene molecules are slightly higher and
have a broader height variation, indicating that the molecules have
started tilting with respect to the surface.
DFT calculations
DFT calculations were performed to obtain the dehydrogena-
tion reaction pathway energetics and vibrational frequencies to sup-
port the interpretation of the SFG results. We explored a large num-
ber of possible reaction pathways, but here we only show those
with calculated barriers that are likely to be relevant for the exper-
imental conditions. Figure 5 shows the energetics of the reaction
pathways and optimized structures, as determined using DFT calcu-
lations for (a) the naphthalene dehydrogenation, assuming a step-
wise abstraction of hydrogen atoms, and (b) the recombination
of two surface hydrogen atoms to H2. The first step in the reac-
tion pathway is the barrier-less adsorption of naphthalene at the
Ni(111) surface. In this exoergic process, an energy of 109 kcal/mol
is released. Unfortunately, a lack of literature makes it difficult to
find a comparison for this value; we can, however, compare to the
adsorption energy of benzene on Ni(111). In a recent calorimetry
study by Carey et al.,55 the energetics of adsorption of benzene on
Ni(111) and Pt(111) was experimentally determined. For benzene
on Ni(111), they found a value of 50 kcal/mol, which is lower than
the value we find for naphthalene on Ni(111). The high coordina-
tion of the naphthalene to the surface suggests that the adsorption
energy should be higher, and we can assume that the adsorption
energy scales linearly with the amount of carbon atoms, similar to
cyclic hydrocarbons on Ru(001) as was shown by Madey and Yates.56
Under this assumption, our calculated adsorption energy is not
unrealistic.
Upon adsorption, the naphthalene adopts a flat geometry par-
allel to the surface and undergoes pronounced dearomatization, as
previously observed for naphthalene on Ni(111)7 and benzene on
Ni(100).25 The sum of C10H8–Ni bond orders (BO), according to
DDEC657,58 charge and bond analysis, is 5.89, and the sum of BO in
the C ring is 13.82, significantly less than the BO of the carbon rings
in gas phase naphthalene which is 17.05.
Naphthalene has two inequivalent sets of hydrogen atoms, α
and β, as depicted in the top left corner of Fig. 5, where α and β
are the four hydrogens adjacent to the carbon atoms shared by both
rings and the four hydrogens on the outer carbon atoms, respec-
tively. Dehydrogenation can occur by abstraction of either of these
two types of hydrogen atoms. The endoergic detachment of one
α-H atom has a barrier of 23 kcal/mol, and the total energy change
with respect to the adsorbed naphthalene structure is 13 kcal/mol,
as shown in Fig. 5. Abstraction of a second α-H has a barrier
of 26 kcal/mol. The total energy change for removal of two α-
H is 25 kcal/mol. In the case of β-H, the first dehydrogenation
step from the adsorbed naphthalene has a barrier of 30 kcal/mol,
7 kcal/mol higher than the first α-H abstraction. It is therefore
more likely that the first hydrogen abstraction will occur from an
α-position.
After the abstraction of two hydrogens from α-positions, the
naphthalene fragment left behind (C10H6–Ni) has a total BO of 7.33,
and the sum of the bond orders of the two hydrogen atoms with
the Ni surface is 2.18. This increase in BO, compared to C10H8–Ni
(BO 5.89), is due to stronger C–Ni coordination by the dehydro-
genated carbons. The strong interaction of the naphthalene elec-
tronic structure with the Ni substrate results in a pronounced shift
of the Ni atoms and tilting (∼7○) of the naphthalene fragment, as
illustrated in Fig. 6.
Panel (B) in Fig. 5 shows the reaction pathway for the recom-
bination of two hydrogen atoms, adsorbed on adjacent Ni atoms to
form an H2 molecule and subsequent desorption; this energy bar-
rier is 27 kcal/mol, which is approximately the same value found by
FIG. 5. Energy pathways and opti-
mized structures as determined using
DFT calculations for (A) adsorption and
dehydrogenation of naphthalene and
(B) hydrogen recombination. The ener-
gies are presented in kcal/mol and dis-
played relative to the energy of (A) the
adsorbed naphthalene molecule and (B)
the adsorbed hydrogen atom.
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FIG. 6. Side view of the C10H6 radical resulting from a double hydrogen abstraction
from naphthalene. The carbon atoms that lost a hydrogen atom bind stronger to
the nickel surface which results in tilting of the molecules with an angle of ∼7○.
Kresse59 who used DFT to study the potential energy surface of the
H2 dissociation process nickel surfaces. The energy barrier for the
process in the opposite direction, i.e., the dissociative adsorption of
H2 molecule, is as low as 1 kcal/mol.
The energy of the hydrogen atoms at adjacent sites is calculated
to be 3–5 kcal/mol higher than the energy of the two H atoms at
distant sites. In both cases, the H atom occupies the site hollow sites
on the Ni(111) surface. This energy difference is similar to the energy
barrier for diffusion for H atoms on Ni(111) as computed by Watson
et al.60 and experimentally determined by Cao et al.61 who found
values of 3 kcal/mol and 4.5 kcal/mol, respectively.
The energy barrier for migration of an H atom from a position
on the surface into the bulk, between the topmost and the second
layer of Ni atoms, was calculated to be 31 kcal/mol. This migra-
tion is therefore less likely compared to H-atom recombination and
subsequent desorption of the hydrogen molecule.
In order to make comparisons between theory and the SFG
experiments, we have calculated vibrational frequencies for the low-
energy species. Harmonic frequencies calculated with DFT are typ-
ically too high, and the agreement can often be improved by using
a uniform scaling factor. We have determined this factor by com-
paring the calculated (3125 cm−1) and experimentally measured
(3057 cm−1) frequencies for the symmetric C–H stretching mode,
yielding a value of 0.98. All of the calculated frequencies we report
are scaled by this factor. The magnitude of the scaling factor is con-
sistent with the earlier work by Öberg et al.,62 where the authors
compared calculated and measured SFG frequencies for acetylene
on copper.
For the adsorbed naphthalene molecule, we calculate a C–H
stretching frequency of 2991 cm−1, consistent with the region where
we observe an SFG signal for monolayer (chemisorbed) naphtha-
lene (2985–3003 cm−1), resulting from the different preparation
methods shown in Fig. 1. For the structure with two abstracted
α hydrogens, we calculate a value of 3022 cm−1, in good agree-
ment with the 3029 cm−1 resonance measured after dosing at
480 K. It is lower than the vibrational frequency of the resonance
we observed after low temperature dosing followed by flashing to
480 K (3057 cm−1), which we attribute to the tilted dehydrogenated
molecule. We have performed test calculations for structures with
the naphthalene rings perpendicular to the surface, which yielded
frequencies of 3058 cm−1, and demonstrate the sensitivity of the
vibrational spectrum to the geometry of the molecule on the sur-
face. This is consistent with the experimental observation that the
preparation temperature influences the structures formed on the
surface. The DFT results are in agreement with the results of the
STM and SFG experiments and support the interpretation that the
naphthalene molecules tilt away from the surface following partial
dehydrogenation.
CONCLUSIONS
The present investigation uses an integrated experimental and
theoretical approach to better understand the reaction pathway and
surface species present during the dehydrogenation of naphthalene
on Ni(111). The results obtained provide a molecular background
for the catalytic steam reforming of tar. We show that naphthalene
adsorbs flat on the surface and undergoes significant dearomatiza-
tion upon adsorption. The dehydrogenation starts at 360 K, and the
calculated energy barriers for dehydrogenation are 23 kcal/mol and
30 kcal/mol for α and β hydrogen, respectively. These calculated
barriers for dehydrogenation are comparable to the energy barrier
for the formation of the tilted species observed in our SFG mea-
surements at 3057 cm−1. The tilted species is a product of initial
dehydrogenation as the dehydrogenated carbon atoms bind stronger
to the nickel surface atoms. As a result, the other carbon atoms
within the molecule increase in sp2 characteristics and the molecule
retrieves some of the aromaticity that was lost upon adsorption.
Further heating continues the dehydrogenation, leading to decom-
position of the tilted species, the formation and desorption of H2,
and the formation of a mixture of carbidic and graphitic surface
carbon.
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